Introduction {#s0001}
============

Multiple myeloma (MM) is a plasma cell neoplastic disorder.[@cit0001] It usually evolves from a monoclonal gammopathy of undetermined clinical significance (MGUS) that progresses to smoldering MM (SMM) and, eventually, to symptomatic MM. Newly diagnosed MM patients generally respond to therapy: however, they eventually relapse and become refractory to treatment.[@cit0001] Thus, identification of new targetable factors mediating disease progression is needed.

The primary localization of MM is the BM, where interactions between neoplastic and surrounding cells (i.e., MSCs, immune cells, endothelial cells, osteoblasts, and osteoclasts) are believed to mediate disease development and progression.[@cit0006]

The distinctive effector functions of tumor-infiltrating CD4^+^ T cells shift disease prognosis toward regression or promotion, depending on the different T helper (Th) cell subsets.[@cit0008] Indeed, interferon gamma (IFNγ)-secreting Th1 cells are antitumor[@cit0008] whereas interleukin (IL)--4, IL--5, and IL-13-secreting Th2 and T regulatory (Treg) cells are primarily protumor.[@cit0008] More debated is the role of Th17 cells (i.e., cells secreting IL-17 and IL-22) that depends on the tumor model.[@cit0008]

CD4^+^ T cells in MM have not been extensively studied. T cells of newly diagnosed MM patients did not exhibit detectable IFNγ secretion in response to the autologous tumor.[@cit0012] However, they could be reactivated to secrete IFNγ *in vitro* with either autologous tumor-loaded dendritic cells (DCs)[@cit0012] or anti-CD3/anti-CD28 antibodies (Abs).[@cit0013] Th17 cells were found to be increased in the BM compared with the PB of MM patients.[@cit0014] IL-17 supported MM cell proliferation and induced immunosuppression,[@cit0016] and levels of Th17-related cytokines significantly correlated with the extent of bone disease.[@cit0015] More recently, long-term survival in MM has been associated with a favorable Treg/Th17 cell ratio.[@cit0017]

Recently, a new subset of CD4^+^ T cells secreting IL-22 independently of IL-17 has been identified (i.e., Th22).[@cit0018] Th22 cells increase during bacterial infections and accumulate in inflammatory skin disorders.[@cit0022] Little is known on the role of Th22 cells in tumor immunity: IL--22-secreting CD4^+^ T cells were found in malignant pleural effusion,[@cit0023] pancreatic cancer,[@cit0024] colorectal cancer,[@cit0025] and in gastric cancer where their presence correlated with a poor prognosis.[@cit0026]

Th22 differentiation requires tumor necrosis factor α (TNFα) and IL-6, and pDCs drive Th22 polarization through secretion of those cytokines.[@cit0018] Interestingly, pDCs were found to be increased in the BM of MM patients compared with normal donors.[@cit0027] As naïve T-cell priming may occur in the BM[@cit0028] and pDCs are present in discrete amounts in the BM of MM patients,[@cit0027] here we investigated the presence and the role of Th22 cells in MM.

Results {#s0002}
=======

IL-22^+^IL-17^−^IL-13^+^ T cells increase in PB and BM of MM patients with stage III at diagnosis and relapsed/refractory disease {#s0002-0001}
---------------------------------------------------------------------------------------------------------------------------------

We analyzed PBMCs and BMMCs from patients with MGUS, SMM, and MM at diagnosis or relapsed/refractory disease for *ex vivo* cytokine (IL-22, IL-17, IL-13, IFNγ, and TNFα) expression by intracellular cytokine staining (ICS) and compared the results with those obtained from healthy donors. Patient characteristics are summarized in [**Tables 1**](#t0001){ref-type="table"} **and** [**2**](#t0002){ref-type="table"}. We found that the percentage of IL--22-secreting T cells significantly increased in the PB of MM patients ([**Fig. 1A**](#f0001){ref-type="fig"}) and BM of asymptomatic and symptomatic MM patients ([**Fig. 1B**](#f0001){ref-type="fig"}), when compared with healthy donors. Next, to exclude Th17 cells, we focused on IL-22^+^IL-17^−^ gated cells ([**Fig. 1C**](#f0001){ref-type="fig"}, R1 gate) and studied the expression of additional cytokines ([**Fig. 1C**](#f0001){ref-type="fig"}, R2 (R1) gate), possibly correlated with the Th22 phenotype (i.e., IL-13 and TNFα).[@cit0019] We found that, in both PB and BM, percentages of IL-22^+^IL-17^−^IL-13^+^ cells were significantly increased in relapsed/refractory patients compared with healthy donors and patients with asymptomatic disease ([**Fig. 1D-E**](#f0001){ref-type="fig"}). Notably, when newly diagnosed patients were stratified according to the International Staging System (ISS),[@cit0029] the percentage of IL-22^+^IL-17^−^IL-13^+^ T cells in the BM was significantly higher in stage III compared with stage I/II patients ([**Fig. 1E**](#f0001){ref-type="fig"}). Furthermore, IL-22^+^IL-17^−^IL-13^+^ T cells were significantly increased in patients with relapsed/refractory MM compared with stage I/II, but not with stage III, disease. No significant difference was observed between stage I/II and asymptomatic disease ([**Fig. 1D-E**](#f0001){ref-type="fig"}). The frequency of IL-22^+^IL-17^−^IFNγ^+^ T cells did not significantly differ between stage I/II and III patients in both PB and BM (data not shown). The vast majority of IL--22-secreting T cells co-expressed TNFα ([**Fig. 1F**](#f0001){ref-type="fig"}). Table 1.Characteristics of the patientsTesting of IL-22^+^ frequencyPatientsAge (yr)Sex% PC in BM aspirate% PC in BM biopsyIg typeDSISSTherapyPBBMMGUS \#42644M410IgGkn.a.n.a.none++ \#003767F48IgGλn.a.n.a.none-+ \#009172M24IgGλn.a.n.a.none+- \#008375M29IgGk+λIAn.a.none-+ \#024578M99IgAκn.a.n.a.none-+SMM \#33767M1427IgGλIAInone++ \#41180M1042IgAkIAIInone++ \#005973M3537IgGκIAInone++ \#30758M613IgGλIAInone++ \#57137F17n.a.IgGκIAnone+- \#068177M412IgMk+Gλn.a.n.a.none++ \#018270M3338IgGκIAInone+- \#020062F2640IgAkIBnone+- \#34068F1624IgGκIAInone+-MM Diagnosis \#001755M5246IgGκIIIAInone+- \#34573F4237IgGκIIIAInone-+ \#007540F8n.e.IgGλIIIAInone++ \#37570M2035IgGλIIIAInone++ \#62265Mn.e.42IgGκIIIAInone++ \#24574M2n.e.IgAkIAInone++ \#028434M3250IgGκIIAInone++ \#007964M7255IgAκIIIAIInone++ \#64766M4768IgAκIAIInone++ \#12684Mn.e.18IgGκIIIAIInone++ \#64659F40\<10IgGkIIAIInone++ \#46240M82\>90IgGkIIIAIInone+- \#057581F40n.e.IgGλIIIAIInone++ \#060370F40n.av.IgGλIIAIInone+- \#2567F8052IgGκIIIAIIInone-+ \#35640M7895IgGλIIIAIIInone++ \#60963M3333IgAκIIIBIIInone++ \#78559M3570IgGλIIIBIIInone++ \#15758M353IgGλIIIBIIInone++ \#60874M2447IgAκ/IgGκIIIAIIInone-+ \#27978F3936IgGκIIIAIIInone+- \#30477F7167IgGλIIAIIInone+- \#077358M8162IgGκIIIAIIInone++Relapsed/Refractory \#17766M1758λIIAIII[Table 2](#t0002){ref-type="table"}++ \#012181F2448KIIIAn.av.[Table 2](#t0002){ref-type="table"}++ \#37464F2230IgGkIIAI[Table 2](#t0002){ref-type="table"}++ \#004674M71n.av.IgGλIIIAI[Table 2](#t0002){ref-type="table"}++ \#41269F3941IgAkIIIAn.av.[Table 2](#t0002){ref-type="table"}-+ \#7167F4448IgGλIIIA[Table 2](#t0002){ref-type="table"}++ \#62374M8n.av.IgAkIIIAIII[Table 2](#t0002){ref-type="table"}-+ \#044973F4237IgGkIIIAI[Table 2](#t0002){ref-type="table"}++ \#061865M1024IgAkIAI[Table 2](#t0002){ref-type="table"}++ \#008867F616IgGλIIIAI[Table 2](#t0002){ref-type="table"}++ \#015144F5n.av.IgGkIIIAII[Table 2](#t0002){ref-type="table"}-+ \#025161F10IgGkIIIBIII[Table 2](#t0002){ref-type="table"}++ \#002463M1227IgGλIIIBIII[Table 2](#t0002){ref-type="table"}-+ \#007172M47IgGkIIIAIII[Table 2](#t0002){ref-type="table"}-+[^1] Table 2.Previous therapies of relapsed/refractory patientsMM relapsed/refractoryRelapse \#TherapiesTime from last therapy\#1771Btz based + ASCT × 28 months\#01211Btz - MP3 years + 7 months\#3741Ln based + ASCT × 21 year + 7 months\#00463ASCT × 2/ Btz ± MP10 months\#4123MPT/Ln-Dx6 months\#711VAD + ASCT × 211 years\#6231Btz based1 year + 6 months\#04491Btz based ASCT × 29 months\#06181Thal based + ASCT × 2 + RT4 years\#00881VAD + ASCT × 17 years\#01513BtzASCT + alloSCT/Btz/Ln/CT2 years in therapy\#02511Btz based + ASCT × 22 years\#00242VAD + ASCT × 2/Thal/alloSCT7 years\#00711Thal based + ASCT × 2 + Thal2 years[^2] Figure 1**(see previous page)**. IL-22^+^IL-17^−^IL-13^+^ CD3^+^ T cells are increased in the PB and BM of MM patients with poor prognosis. Tukey plots of cumulative results (**A, B, D, and E**) and dot-plots of representative data from cytokine-ICS analyses (**A** \[left\]**, B** \[left\]**, C, and F**). (**A**) Analysis for IL-22 expression was conducted on CD3^+^ cells (left, representative of PBMCs of patient \#356). Percentage of IL-22^+^ T cells in PB of healthy donors (*n* = 15), MGUS+SMM (*n* = 11), MM at diagnosis (*n* = 20), and relapsed/refractory MM (*n* = 9). (**B**) Analysis for IL-22 expression was conducted on CD3^+^ cells (left, representative of BMMCs of patient \#356). Percentage of IL-22^+^ T cells in the BM of healthy donors (*n* = 4), MGUS+SMM (*n* = 9), MM at diagnosis (*n* = 18), and relapsed/refractory MM (*n* = 14). (**C**) Representative ICS of PBMCs and BMMCs of patient \#177. Top: IL-22 and IL-17 expression. Bottom: IL-22 and IL-13 expression. Gate of IL-22^+^IL-17^−^ (R1) cells was used for analysis of IL-22^+^IL-17^−^IL-13^+^ cells (R2). (**D**) Percentage of IL-22^+^IL-17^−^IL-13^+^ T cells in PB of healthy donors (*n* = 15), MGUS+SMM (*n* = 11), MM at diagnosis divided into stage I+II (*n* = 13) and stage III (*n* = 7) and relapsed/refractory MM (*n* = 9). (**E**) Percentage of IL-22^+^IL-17^-^IL-13^+^ T cells in BM aspirates of healthy donors (*n* = 4), MGUS+SMM (*n* = 9), MM at diagnosis divided into stage I+II (*n* = 11) and stage III (*n* = 7) and relapsed/refractory MM (*n* = 14). Responses significantly different by the Mann--Whitney U test are indicated as: \*, *P* \< 0.05 and \*\*, 0.001 \< *P* \< 0.01. (**F**) Representative ICS for IL-22 and TNFα expression in PBMCs (left) and BMMCs (right) of patient \#177.

Collectively, increased frequency in PB and BM of IL--22-secreting T cells co-expressing IL-13 but not IL-17 is a feature of MM patients with poor prognosis.

Th22 clones can be propagated from BM and PB of poor prognosis MM patients {#s0002-0002}
--------------------------------------------------------------------------

To further deepen our understanding of the characteristics of IL-22^+^IL-17^−^IL-13^+^ T cells, we focused on CD4^+^ T cells. To this aim, we sorted CD3^+^CD4^+^CCR6^+^ T cells from the BM of 6 MM patients (\#356, \#609, \#121, \#177, \#0046, and \#374), the PB of 2 MM patients (\#356 and \#121), and 2 healthy donors (BC01 and BC60). CCR6 is a chemokine receptor for CCL20 expressed primarily on Th17, Th22, and subsets of Th1 cells.[@cit0030] CD4^+^CCR6^+^ cells were cloned immediately (\#609, \#177, \#0046, and \#374) or after short *in vitro* expansion (\#356, \#121, BC01, and BC60) and growing clones were screened based on their IL-22 and/or IL-17 production. Although the clonal efficiency was inferior when cloning was done immediately after sorting compared with the one conducted after *in vitro* expansion (see legend to [**Fig. 2**](#f0002){ref-type="fig"}), the percentages of IL-22^+^IL-17^−^ (Th22) clones obtained from the BM (24.7 ± 2.1%, mean ± SE) ([**Fig. 2A**](#f0002){ref-type="fig"}) and PB (21 ± 5%) ([**Fig. 2B**](#f0002){ref-type="fig"}) of the patients were much higher than the ones obtained from the PB of the healthy donors (3.5 ± 1.5%) ([**Fig. 2C**](#f0002){ref-type="fig"}). Figure 2.Distribution of CD4^+^CCR6^+^ T-cell clones based on the profile of IL-22 and IL-17 secretion. Cake graphs of percentages of IL-22^+^IL-17^−^ (red slices), IL-22^+^IL-17^+^ (light blue slices), IL-22^−^IL-17^+^ (green slices), and IL-22^−^IL-17^−^ (violet slices) clones obtained from the (**A**) BM of MM patients (**B**) and PB of MM patients, and (**C**) healthy donors. Clonal efficiencies for cloning conducted after *in vitro* expansion were (**A**) 48.2% and 55.6% for BM of patients \#356 and \#121, respectively and (**B**) 25.4% and 21.1% for PB of the same patients, respectively. (**C**) Clonal efficiencies for PB of healthy donors were 45.8% and 76.9% for BC01 and BC60, respectively. Clonal efficiencies for cloning conducted immediately after sorting were 4%, 11.9%, 2.3%, and 7.6% for BM of patients \#609, \#177, \#0046, and \#374, respectively (**A**). For patient characteristics, see [**Table 1**](#t0001){ref-type="table"}.

We further characterized Th22-growing clones from the BM of MM patients. All clones expressed CCR6, CXCR4 (BM homing receptor), and, in most cases, CCR4 (expressed on subsets of Th2 cells and skin-homing Th22 cells)[@cit0018] although they did not express CCR10 (reported on circulating and skin-homing Th22 cells)[@cit0018] ([**Fig. 3A**](#f0003){ref-type="fig"}). All clones produced IL-22 and, although at different levels, IL-13 but not IL-17 ([**Fig. 3B-D-F**](#f0003){ref-type="fig"}) and TNFα (data not shown). In addition, we found clones co-producing IFNγ (Th22-Th1) ([**Fig. 3D**](#f0003){ref-type="fig"}) or IL-5 (Th22-Th2) ([**Fig. 3F**](#f0003){ref-type="fig"}). In agreement with the secretion data, Th22-Th1 clones expressed CXCR3 ([**Fig. 3E**](#f0003){ref-type="fig"}) and Th22-Th2 clones expressed CRTh2 ([**Fig. 3G**](#f0003){ref-type="fig"}), whereas Th22 clones secreting neither IFNγ nor IL-5 did not co-express either CXCR3 or CRTh2 ([**Fig. 3C**](#f0003){ref-type="fig"}). Figure 3.Chemokine receptor and cytokine profile of Th22 clones from the BM of MM patients. (**A**) Surface expression of CCR6, CXCR4, CCR4, and CCR10. (Left) Representative histograms: isotype control staining (solid gray), chemokine receptor-specific staining (black line). (Right) RFI (i.e., fold increase in mean fluorescence intensity relative to isotype control) calculated for each clone. (**B, D, and F**) Cumulative cytokine secretion by clones from different MM patients represented as Whisker plots. (**B**) Th22 clones (*n* = 4). (**D**) Th22-Th1 clones (*n* = 8). (**F**) Th22-Th2 clones (*n* = 10). (**C-E-G**) (Left and middle) Analysis of CXCR3 and CRTh2 expression in one representative Th22 (**C**), Th22-Th1 (**E**), and Th22-Th2 (**G**) clone, respectively. Dot plots (left and middle upper) and histograms (middle lower) from representative clones are shown. (Right) Cumulative RFI of paired CXCR3 and CRTh2 staining calculated for each clone.

Collectively, Th22 clones with peculiar expression of chemokine receptors and cytokine secretion profiles were isolated from the BM of poor prognosis MM patients.

IL-22RA1 is expressed in a fraction of MM cell lines and primary tumors {#s0002-0003}
-----------------------------------------------------------------------

The IL-22 receptor is composed of 2 subunits, IL-22RA1 and IL-10R2.[@cit0031] Although IL-10R2 is ubiquitously expressed, the IL-22RA1 subunit is restricted to non-haematopoietic cells.[@cit0022] Aberrant expression of IL-22RA1 was found in lymphoma cells.[@cit0032] Looking for potential targets of IL-22 in the context of BM, we first analyzed MM cell lines and found IL-22RA1 mRNA expression in approximately one third whereas, as expected, the Epstein--Barr virus-transformed B lymphoblastoid cell lines (LCLs) were negative for their expression ([**Fig. 4A**](#f0004){ref-type="fig"}). Second, to define the distribution of IL-22RA1 expression in primary MM cells, we interrogated a large dataset of gene expression profiles derived from 414 MM patients at diagnosis.[@cit0034] Remarkably, the expression pattern across MM patients did not follow a normal distribution (*P* \< 0.0001), but there was a subset presenting robust IL-22RA1 overexpression ([**Fig. 4B**](#f0004){ref-type="fig"}). Importantly, as a proof of principle, we confirmed IL-22RA1 protein expression in primary tumors by immunohistochemistry ([**Fig. 4C**](#f0004){ref-type="fig"}). Figure 4.IL-22RA1 is expressed in a fraction of MM cell lines and primary tumors. (**A**) mRNA expression of IL-22RA1 in MM cell lines. COLO205 cells were positive controls. Epstein--Barr virus-transformed B lymphoblastoid cell lines (LCLs) were negative controls. (**B**) mRNA expression of IL-22RA1 in primary MM cells of a cohort of 414 newly diagnosed patients described in ref. 34. The expression pattern for the probe set 220056_at is shown. Continued line: median. Dotted line: 2× standard deviation. (**C**) IL-22RA1 protein expression in BM biopsies from MM patients \#121 (negative) (left) and \#177 (positive) (right). Images were acquired at a ×40 magnification.

Collectively, these data strongly suggest that IL-22RA1 expression is profoundly dysregulated in a subset of MM patients.

IL-22 promotes STAT-3 phosphorylation, cell growth, and resistance to drug-induced cell death in IL-22RA1^+^ MM cells {#s0002-0004}
---------------------------------------------------------------------------------------------------------------------

Binding of IL-22 to its receptor induces a cascade of signaling pathways, including STAT-1, STAT-3, and STAT-5 phosphorylation.[@cit0022] Accordingly, IL-22 induced STAT-3, similarly to IL-6, and slightly STAT-1 phosphorylation in IL-22RA1^+^ but not IL-22RA1^−^ MM cells ([**Fig. 5A**](#f0005){ref-type="fig"}). IL--22-induced STAT-3 phosphorylation was specifically inhibited by an anti-IL-22 Ab to 100%, when using the recombinant protein ([**Fig. 5B**](#f0005){ref-type="fig"}**, left**), and to approximately 50%, when using Th22 clone supernatants ([**Fig. 5B**](#f0005){ref-type="fig"}**, right**). STAT-5 phosphorylation was not induced (data not shown). Figure 5 (see previous page).IL-22 induces MM cell activation, proliferation, and resistance to drug-induced cell death. (**A**) Representative staining for phosphorylated STAT-1 and STAT-3 (*n* = 6). MM1S are representative of IL--22RA1-positive cells, KMS34 for low/absent IL-22RA1 expression. IL-6 and IFNγ were positive controls for phosphorylated STAT-3 and STAT-1, respectively; unstimulated cells (gray line) and cytokine-stimulated cells (black line). (**B**) Cumulative percentage of induction of STAT-3 phosphorylation by recombinant IL-22 (left) and supernatants of Th22 clones (i.e., C37 and 374-19) (right) in the presence of anti-IL-22 or isotype control antibodies (Abs). Recombinant IL-22 was used at 20 ng/mL. IL-22 measured in the supernatants was 20 and 26.5 ng/mL for clone C37 and clone 374-19, respectively. (**C and D**) ^3^H-thymidine incorporation of MM cells cultured in the absence (nil) or in the presence of IL-22 (50 ng/mL) or IL-6 (50 ng/mL) in IL--22RA1-positive (**C**) and -negative (**D**) cells. Representative data from 1 of 4 independent experiments are depicted for each cell line. (**E**) Percentages of dying MM cells after (i) 24-h incubation with Dx in the absence (nil) or presence of IL-22 (20 ng/mL) or IL-6 (20 ng/mL) and in the presence of anti-IL-22 or isotype control Abs (2.5 μg/mL); (ii) 48-h incubation with Ln; and (iii) 24-h incubation with Ln followed by 24-h incubation with both drugs in the absence or the presence of IL-22 or IL-6 and in the presence of anti-IL-22 or isotype control Abs (*n* = 2). (**F**) WB of phosphorylated (p) p38, p38, pERK1/2, ERK1/2, pAKT, and AKT in MM1S untreated or treated with IL-22 or IL-6, as indicated. (**G**) pp38 data were quantified by densitometric analysis, normalized using p38, and divided by the value of untreated cells (Arbitrary Units, A.U.). (**H**) WB analysis of Mcl^-^1, Bcl^-^2, Bcl^-^X~L~, and cleaved PARP and caspase-3 in MM1S untreated or treated with IL-22 or IL-6 and in the absence or in the presence of Dx, as indicated (*n* = 2). A.U. were calculated as in (**G**), using β-tubulin (βTUB) for normalization, and are reported at the bottom of the lanes. IL-6 was used throughout as the positive control. Significant values calculated with the Mann--Whitney U test (**C and D**) or unpaired, one-tailed Student\'s *t*-test (**E**) are indicated as: \*, *P* \< 0.05; \*\*, 0.001 \< *P* \< 0.01; and \*\*\*, *P* \< 0.001.

STAT-3 phosphorylation activates signaling pathways of cell growth and survival.[@cit0035] Firstly, we analyzed the effect of IL-22 on MM cell growth: IL-22 treatment increased proliferation of IL-22RA1^+^ MM cells at levels comparable with IL-6 ([**Fig. 5C**](#f0005){ref-type="fig"}). Conversely, IL-22RA1^−^ cells significantly increased proliferation in response to IL-6 but not to IL-22 ([**Fig. 5D**](#f0005){ref-type="fig"}). Secondly, we tested whether co-treatment with IL-22 impacted on cell survival when MM cells were treated with dexamethasone (Dx) or lenalidomide (Ln) or a combination of both. As expected, IL-6 induced resistance to Dx-induced cell death ([**Fig. 5E**](#f0005){ref-type="fig"}) and Ln-induced cell death (**Fig. S1**). Importantly, the percentage of dying cells was significantly reduced when MM1S cells were co-treated with the drugs (Dx and Ln as single agents or the combination) and IL-22, supporting a role for IL-22 in resistance to drug-induced cell death ([**Fig. 5E**](#f0005){ref-type="fig"} **and Fig. S1**). The prosurvival effects of IL-22 were inhibited in the presence of an anti-IL-22 Ab ([**Fig. 5E**](#f0005){ref-type="fig"} **and Fig. S1**).

To investigate the molecular mechanisms responsible for IL-22 effects on MM cells, we analyzed by Western blotting (WB) several known growth and anti-apoptotic factors. We found modest but significant increases of p38 activation in IL--22-treated MM1S cells compared with untreated MM1S cells although we did not observe activation of ERK1/2 and AKT over the basal level ([**Fig. 5F-G**](#f0005){ref-type="fig"}). Different from IL-22, IL-6 mostly induced activation of ERK1/2 ([**Fig. 5F**](#f0005){ref-type="fig"}). Next, we analyzed the expression of key anti-apoptotic factors in untreated or Dx-treated MM1S cells ([**Fig. 5H**](#f0005){ref-type="fig"}). We found high basal levels of Bcl-2 and Bcl-X~L~ that were not modulated either by IL-22 or Dx. On the contrary, Mcl-1 levels increased when MM1S cells were co-treated with Dx and IL-22. Furthermore, WB analysis of the apoptotic cleavage of caspase-3 and PARP confirmed the protective effect of IL-22 on Dx-induced apoptosis in MM1S cells. The effect of IL-22 was particularly evident in the band corresponding to cleaved caspase-3 that was barely detectable in untreated cells while becoming strongly evident after Dx treatment. IL-6 showed similar results.

Collectively, we showed that the IL-22RA1 aberrantly expressed on MM cells is functional and that treatment of IL-22RA1^+^ MM cells with IL-22 increases both cell growth through p38 activation and resistance to drug-induced cell death through increased Mcl-1 expression and inhibition of drug-induced caspase-3 activation.

IL-13 promotes BM-MSC activation and function {#s0002-0005}
---------------------------------------------

As IL-13 secretion is a relevant feature of Th22 cells, we investigated its possible role and related cell target(s) in MM. Adherence of MM cells to BM-MSCs, through adhesion molecules, favors tumor cell growth.[@cit0001] IL-13 upregulates VCAM-1 expression on endothelial cells[@cit0036] and increases the expression of adhesion molecules and IL-6 secretion in lung fibroblasts,[@cit0037] suggesting BM-MSCs as a target candidate for IL-13 in MM. We generated and characterized short-term primary BM-MSC cell lines from 3 healthy donors (**Fig. S2**). As shown in [**Figure 6**](#f0006){ref-type="fig"}, we found that treatment of BM-MSCs with IL-13 induced STAT-6 phosphorylation ([**Fig. 6A**](#f0006){ref-type="fig"}) that was completely abolished by an anti-IL-13 Ab in the case of recombinant IL-13 ([**Fig. 6B**](#f0006){ref-type="fig"}, left) and significantly reduced (∼80%) when induced by Th22 clone supernatants ([**Fig. 6B**](#f0006){ref-type="fig"}, right). IL-13 induced adhesion molecule upregulation ([**Fig. 6C**](#f0006){ref-type="fig"}) and IL-6 production ([**Fig. 6D**](#f0006){ref-type="fig"}, left) that was inhibited in the presence of an anti-IL-13 Ab ([**Fig. 6D**](#f0006){ref-type="fig"}, right). Importantly, when IL--13-treated BM-MSCs were co-cultured with MM cells, we found that they significantly increased MM cell growth compared with untreated BM-MSCs ([**Fig. 6E**](#f0006){ref-type="fig"}). Figure 6.IL-13 induces BM-MSC activation and adhesion molecule upregulation, enhances IL-6 production and IL--13-treated BM-MSCs favor MM cell proliferation. (**A**) Representative staining for phosphorylated STAT-6 (*n* = 3). TNFα was used as negative control. Unstimulated cells (gray line) and cytokine-stimulated cells (black line). (**B**) Cumulative percentage of induction of STAT-6 phosphorylation by recombinant IL-13 (left) and the supernatants of Th22 clones (i.e., A15 and 05.08) (right) in the presence of anti-IL-13 or isotype control Abs. Recombinant IL-13 was used at 10 ng/mL. Clone A15 supernatant (IL-13 = 90 ng/mL) was used diluted (1:10) and clone 05.08 supernatant (IL-13 = 15 ng/mL) was used undiluted. (**C**) Representative VCAM-1 and ICAM-1 expression on untreated (nil) or IL--13-treated BM-MSCs (*n* = 2). TNFα and IFNγ were positive controls. (**D**, left) Representative IL-6 secretion by untreated (-IL-13, white bars) or treated (+IL-13, gray bars) BM-MSCs in the absence or in the presence of MM1S cells (*n* = 3). (**D,** right) Effect of addition of anti-IL-13 or isotype control Abs on IL-6 secretion by BM-MSCs. (**E**) Representative MM1S cell proliferation in the presence of untreated (-IL-13, white bars) or IL-13 (+IL-13, gray bars)-treated BM-MSCs (*n* = 3). IL-13 in (**D**) and (**E**) was used at 50 ng/mL. Responses significantly different are indicated as: \*, *P* \< 0.05 and \*\*\*, *P* \< 0.001 (determined by paired, one-tailed Student\'s *t*-test).

Collectively, these results strongly support a role for IL-13 in favoring MM progression through upregulation of adhesion molecules and IL-6 secretion by BM-MSCs that ultimately fosters MM cell growth.

Discussion {#s0003}
==========

In this study, we report that: (1) the frequency of IL-22^+^IL-17^−^IL-13^+^ T cells is increased in both PB and BM of MM patients with poor prognosis, (2) Th22 cells with a cytokine profile similar to those of IL-22^+^IL-17^−^IL-13^+^ T cells can be cloned from the BM and PB of these patients, and (3) IL-22 and IL-13 directly and indirectly, through BM-MSC activation, increase MM cells proliferation and resistance to drug-induced cell death. Collectively, these data strongly support a role for Th22 cells in MM aggressiveness and progression.

Th22 cells were recently identified as a separate Th cell lineage[@cit0018]; however, their phenotypic and functional features have not been uniquely defined. Previous reports[@cit0018] have described the features of Th22 clones from PB of healthy donors,[@cit0018] skin biopsies of patients with inflammatory skin diseases,[@cit0020] and ocular samples from patients with active uveitis.[@cit0038] Similarly to these clones, we found that Th22 clones from the BM of MM patients were CD4^+^CCR6^+^ CCR4^+^ and produced IL-22 but not IL-17. In addition, they produced IL-13, as Th22 cells isolated from the PB of healthy donors,[@cit0019] and TNFα, as Th22 cells isolated from inflammatory skin and ocular aqueous humor.[@cit0019] However, unlike the Th22 clones described so far, Th22 clones from the BM of MM patients did not express CCR10 but the BM homing receptor CXCR4. The majority of Th22 clones appear polyfunctional: the relative relevance of Th22-Th2 and Th22-Th1 cells in MM progression will need further investigation.

A major finding of our work is the significant correlation between frequency of IL-22^+^IL-17^−^IL-13^+^ T cells in the PB and BM of MM patients and clinical features of poor prognosis. IL-22 represents an effector molecule in innate immunity, tissue damage protection, and repair.[@cit0022] IL-22 involvement in cancer is an ultimate clue.[@cit0041] In agreement with the pattern of the IL-22RA1 expression on epithelial cells and, aberrantly, lymphoma cells, IL-22 signaling through STAT-3 phosphorylation was demonstrated in colon,[@cit0042] lung,[@cit0043] hepatocellular,[@cit0044] and pancreatic[@cit0045] cancer cells and lymphoma cells.[@cit0032] The signaling pathway downstream of IL--22-induced STAT-3 phosphorylation led to different effector functions depending on the tumor cells: it potentiated the expression of inducible nitric oxide synthase in colon cancer,[@cit0042] showed anti-apoptotic effects in lung[@cit0043] and pancreatic cancer cell lines[@cit0045] and hepatocellular carcinoma,[@cit0044] stimulated production of vascular endothelial growth factor (VEGF) in pancreatic cancer cell lines,[@cit0045] increased expression of stemness genes in colorectal cancer,[@cit0025] and induced cell proliferation in lymphoma cells.[@cit0032]

In our study, we found that IL-22 increased MM cell growth and protected them from drug-induced cell death. These data suggest that, in a fraction of MM patients with worse prognosis (i.e., patients with increased frequencies of BM-homing Th22 cells and aberrant IL-22RA1 expression on their tumor), IL-22 may exert an important role in MM aggressiveness/progression through effects ultimately leading to increased tumor burden. Interestingly, increased IL-22 serum levels were recently found in MM patients with active disease.[@cit0046]

Interactions with BM-MSCs enhanced MM cell growth, survival and drug-resistance.[@cit0001] TNFα and TGFβ have been reported to upregulate VCAM-1 and ICAM-1 expression and trigger IL-6 secretion in BM-MSCs.[@cit0047] We add here an important novel contribution of IL-13 in these functions.

Other cytokines produced by Th22 clones are IFNγ and IL-5 secreted by Th22-Th1 and Th22-Th2 clones, respectively. Future studies are needed to specifically address the potential role of these cytokines in MM progression; however, it is worth mentioning that IFNγ was reported to upregulate IL-22RA1 expression in keratinocytes[@cit0048] and IL-5 to synergize with IL-6 to support MM cell growth.[@cit0049]

Multiple myeloma is characterized by a marked clinical and biological heterogeneity and studies have focused on the identification of prognostic factors reflecting heterogeneity in survival.[@cit0051] A major advance in the stratification of MM patients was achieved with the description and validation of the ISS.[@cit0029] Despite its highly prognostic value in the clinical practice, it is unable to discriminate subsets of patients with especially good or, on the contrary, poor prognosis or to direct individualized therapeutic strategies. In this respect, accumulation of Th22 cells and aberrant IL-22RA1 expression on MM cells could be employed for identification of patients with worse prognosis possibly suitable for individualized treatments targeting the IL-22/IL-22RA1 and/or IL-13/IL-13RA1 axes.

Materials and Methods {#s0004}
=====================

Subjects and samples {#s0004-0001}
--------------------

Patients with MGUS (*n* = 5), SMM (*n* = 9), and MM at diagnosis or with relapsed/refractory disease (*n* = 23 and *n* = 14, respectively, for a total of 37 MM patients) were recruited at the Hematology Department of our Institution. The Institutional Ethics Committee had approved the study protocol and written informed consent was obtained from all donors. Blood samples of 15 healthy donors from the Institutional Blood Bank and BM aspirates from 4 healthy donors (AllCells, Life Science Division) were used as controls. PB mononuclear cells (PBMCs) and BM mononuclear cells (BMMCs) were isolated by density gradient centrifugation with Ficoll-Paque^TM^ Plus (GE Healthcare). Cells were frozen in fetal bovine serum (FBS) (Lonza) 10% dimethyl sulfoxide (DMSO), kept in liquid nitrogen vapors and used after viable thawing.

Cells and culture media {#s0004-0002}
-----------------------

MM cell lines MM1S, MM1.144, OPM2, UTMC2, LP1, KMS34, KMS12.BM, RPMI-8226, and U266 were genotyped and controlled for mycoplasma infection. Control cells were LCLs (DR07-LCL, DR1104-LCL, and BM21) and the colon carcinoma cell line COLO205. MM cells and LCLs were cultured in RPMI-1640 (Lonza), COLO205 cells in Dulbecco\'s Modified Eagle\'s Medium (DMEM). BM-MSCs were isolated, as detailed elsewhere,[@cit0054] and cultured in DMEM. Media were supplemented with penicillin (100 U/mL), streptomycin (100 U/mL), glutamine (2 mmol/L), and 10% FBS. T cells were cultured in x-vivo-15 (Lonza), supplemented with antibiotics and 3% human serum type AB (Lonza) (T-cell-medium).

Flow cytometry analysis {#s0004-0003}
-----------------------

The list of Abs used is reported in **Table S1**. For ICS, cells were stimulated with phorbol-12-myristate-13-acetate (Sigma-Aldrich) (50 ng/mL) and ionomycin (Sigma-Aldrich) (1 μg/mL) for 5 h. After 2 h, brefeldin A (Sigma-Aldrich) (10 μg/mL) was added. ICS was carried out using a kit from BD Biosciences, according to the manufacturer\'s instructions. For intracellular phosphorylated-protein staining, cells were stimulated with indicated cytokine concentrations for 15 min at 37 °C, fixed for 10 min at 37 °C with Fixation Buffer (BD CytoFix), permeabilized for 30 min on ice with Perm Buffer III (BD Phosflow), and incubated with Abs. All cytokines were purchased from Peprotech, except for TNFα (R&D Systems). In blocking experiments, IL-22 (20 ng/mL) or IL-13 (10 ng/mL) containing medium or Th22 clone supernatants were first incubated for 1 h at 37 °C with 2.5 or 5 μg/mL anti-IL-22 or anti-IL-13, respectively, or control isotype Abs and then used to stimulate MM cells and BM-MSCs, respectively. Cells were analyzed using a FACSCanto flow cytometer (BD Biosciences) and data were analyzed by FlowJo software (Tree Star Inc.).

CD4^+^CCR6^+^ T cells sorting, cloning, propagation, and activation for cytokine release assay {#s0004-0004}
----------------------------------------------------------------------------------------------

Peripheral blood mononuclear cells from 2 healthy donors (BC01 and BC60), PBMCs from 2 MM patients (\#356 and \#121), and BMMCs from 6 MM patients (\#356, \#609, \#121, \#177, \#0046 and \#374) were stained with APC-conjugated CD3, FITC-conjugated CD4, and PE-conjugated CCR6 mAbs and CD3^+^CD4^+^CCR6^+^ were purified by cytofluorimentric sorting. Sorted cells from BC01 and BC60 and patients \#356 and \#121 were cultured for 5 days in T-cell-medium supplemented with IL-2 (25 IU/mL; R&D Systems) and anti-CD28 mAb (5 μg/mL), in anti-CD3 mAb-coated U-bottom 96-well plates (1 μg/well anti-CD3 mAb). After 3 weeks, cells were cloned by limiting dilution (0.5 cells/well) in T--cell-medium containing IL-2 (250 IU/mL) and phytohemagglutinin (PHA) (1 μg/mL; Sigma-Aldrich), on a feeder layer of 40--Gy-irradiated allogenic PBMCs. Sorted cells from patients \#609, \#177, \#0046, and \#374 were cloned immediately after sorting. Clones were restimulated every 2--3 weeks, as described earlier. To assess Th-specific cytokine release, T-cell clones were stimulated (1--10 × 10^4^ cells) for 72 h in anti-CD3 Ab (0.5 μg/well)-coated plates and their supernatants were tested by ELISA.

Cytokine release assays {#s0004-0005}
-----------------------

ELISA kits from Mabtech (IFNγ, IL−6, IL−13 and IL-5) and R&D Systems (IL-17 and IL-22) were used, according to the manufacturer\'s instructions.

Proliferation assay and detection of cell death {#s0004-0006}
-----------------------------------------------

Multiple myeloma cell lines were cultured in U-bottom 96-well plates (5 × 10^4^ cells/well) in 5% FBS culture medium with or without IL-22 (50 ng/mL) or IL-6 (50 ng/mL). After 72 h, cultures were pulsed for an additional 16 h with \[^3^H\]TdR (1 μCi/well, 6.7 Ci/M; Amersham). Cells were collected with a FilterMat Universal Harvester (Packard Instrument) in specific plates (Unifilter GF/C) and the thymidine incorporated was measured in a liquid scintillation counter (TopCount NXT).

In co-culture experiments, MM1S were seeded in flat-bottom 96-well plates (1 × 10^5^ cells/well) on BM-MSCs previously cultured with or without IL-13 (50 ng/mL) for 24 h. After 24-h co-culture, cells were treated as described earlier.

Cell apoptosis/necrosis was measured in MM1S cells treated with Dx (10 μmol/L) for 24 h or Ln (5 nmol/L) for 48 h without or with IL-6 (20 ng/mL) or IL-22 (20 ng/mL) and without or with anti-IL-22 or isotype control Abs (2.5 μg/mL). In some experiments, before Dx, cells were cultured for 24 h with Ln, total cell death (apoptosis+necrosis) was assessed by the PE Annexin V Apoptosis Detection kit I (BD PharMingen), according to the manufacturer\'s instructions.

RNA extraction, cDNA generation, and real-time PCR analysis {#s0004-0007}
-----------------------------------------------------------

Total RNA was extracted using the RiboPure kit (Ambion), according to the manufacturer\'s instructions. Here, 0.5-1 μg RNA was retro-transcribed with the High-Capacity cDNA reverse transcription kit (Applied Biosystems), and 50 ng cDNA was used for real-time PCR. Assays on demand specific for human IL-22RA1 (Hs00222035_m1) and human HPRT1 (Hs01003267_m1) were purchased from Applied Biosystems. Real-time PCR was carried out on an ABI7900HT machine (Applied Biosystems) using the SDS2.1 program for the analysis. Fold induction among samples was calculated by the 2^−ΔΔCt^ method. The IL-22RA1 gene values were normalized with HPRT1 values.

Western blot assay {#s0004-0008}
------------------

MM1S cells were (1) left untreated or treated for 30 min with IL-22 (200 ng/mL) or IL-6 (100 ng/mL) or (2) left untreated or treated for 24 h with Dx (1 μmol/L) with or without IL-22 (50 ng/mL) or IL-6 (50 ng/mL). Cells were then lysed in RIPA buffer (Cell Signaling Technology) containing 100 mmol/L phenyl methane sulfonyl fluoride (PMSF), 100 mmol/L dithiothreitol (DTT), and protease inhibitor cocktail (Cell Signaling Technology). The list of Abs used is reported in **Table S1**.

Immunohistochemistry {#s0004-0009}
--------------------

Bone marrow biopsy samples were fixed, decalcified, and processed as described in Pruneri et al.[@cit0055] Slides were deparaffinized and hydrated in a series of graded alcohols to water. Sections were incubated with the anti-IL-22RA1 Ab (1:150 dilution) for 1 h at room temperature, followed by detection with a goat-on-rodent HRP-Polymer Kit (Biocare Medical), development of peroxidase activity with DAB quanto chromogen (Thermo Scientific), and hematoxylin counterstaining (Bio-Optica).

Statistical analysis {#s0004-0010}
--------------------

Statistical significance was determined with the Mann--Whitney U test and the unpaired, one-tailed Student\'s *t*-test. Values with *P* \< 0.05 were considered significant. Gene expression profiling data of primary MM cells were obtained from Zhan et al.[@cit0034] The probe set utilized for IL-22RA1 expression was 220056_at. Data sets were analyzed by D'Agostino & Pearson and Shapiro Wilk normality tests (Prism software, version 5).
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[^1]: BM, bone marrow; ±, conducted/not conducted; DS, Durie--Salmon staging system at diagnosis; ISS, International Staging System at diagnosis; n.a., not applicable; n.e., not evaluable; n.av., not available; PCs, plasma cells; PB, peripheral blood.

[^2]: Abbreviations: alloSCT, allogenic stem cells transplantation; ASCT, autologous stem cells transplantation; Btz, bortezomib; CT, polychemotherapy; Dx, dexamethasone; Ln, lenalidomide; MP, melphalan + prednisone; MPT, melphalan + prednisone + thalidomide; RT, radiotherapy; Thal, thalidomide; VAD, vincristine + adriamycin + dexamethasone.
